The technique of resonance Rayleigh-scattering (RRS) is noted for its high sensitivity, simplicity and quickness. Therefore, in recent years, there have been an increasing number of studies and reports on the determination of macromolecules, such as nucleic acid and protein, by RRS. 1 The determination is mainly based on the fact that the aggregation of dye chromophore on the biological macromolecule can give rise to strong RRS. The reagents used are mainly different dyes. At present, the reagents commonly used to determine protein are α,β,γ,δ-tetrakis(5-sulfothienyl)porphine; 2 some acidic triphenylmethane dyes, such as Bromophenol Blue (BPB), 3 Chrome Azurol S (CAS), 4 Acid Green (AG) 5 and tetraiodophenol sulfonephthalein (TIPSP); 6 and some acid xanthene dyes, such as Pyrogallol Red (PR), 7 Bromopyrogallol Red (BPR) 8 and sulfonazo. 9 There have been some papers on the determination of protein by RRS with monoazo dye of chromotropic acid, such as Acid Chrome Blue K (ACBK) 10 and 4-azochromotropic acid phenylfluorone. 11 However, some other monoazo dyes of chromotropic acid are seldom studied, such as O,O′-dihydroxy monoazo dye of chromotropic acid, some monoazo dye with arsono and phosphono and some phenylazo chromotropic acid without any substitute group. Therefore, we chose 7 different kinds of monoazo dyes of chromotropic acid and studied their behavior. The results show that: 1. Besides ACBK, some other O,O′-dihydroxy monoazo dyes of chromotropic acid, such as Chromazol (CALKS), Chrome Blue SE (CBSE) and Acid Chrome Dark Blue (ACDB) can also react with protein, such as bovine serum albumin (BSA), hemoglobin serum albumin (HSA), lysozyme and α-chymotrypsin, which also result in strong RRS; 2. The monoazo dye of chromotropic acid with another group in the o-position of an azo group, such as Chlorophosphonazo I (CPAI) including phosphono and Arsenazo I (AAI) including arsono, can also react with protein, which give rise to a sensitive RRS signal and the characteristic RRS spectrum; 3. Even the phenylazo chromotropic acid in which there is no any substitute group, Chromotropic 2R (CT2R), can react with protein and enhance RRS. They can all be the reagents applied to the determination of protein by RRS. The most sensitive one is CALKS, second is CAPI and AAI, whose detection limits are all lower than that of ACBK and 4-azo chromotropic acid phenylfluorone. The sensitivity of CALKS is two-times higher than that of ACBK and the reaction conditions are easier to control.
In this paper, we discuss and compare the RRS spectral characteristics of the seven kinds of monoazo dye of choromotropic acid, the optimum reaction conditions and the properties of analytical chemistry. Taking the CALKS, the most sensitive dye, as an example, we discuss the selectivity of this method and apply it to the determination of protein in a synthetic sample. There is also some discussion on the reaction mechanism and the primary rule.
Experimental

Reagents
Bovine serum albumin (BSA) and hemoglobin serum albumin (HSA) (Sigma Corporation), 20 µg ml -1 ; pepsin (Beijing Fangchao Medical Industrial Plant), 13 µg ml -1 ; α-chymotrypsin (Sino-American Biotechnology Company), 41 µg ml -1 ; lysozyme (Sino-American Biotechnology Company), 45 µg ml -1 ; cellulase (Sino-American Biotechnology Company), 53 µg ml In a weak acid medium, protein reacts with a monoazo dye of chromotropic acid, such as Chromazol KS (CALKS), Acid Chrome Dark Blue (ACDB), Chrome Blue SE (CBSE), Acid Chrome Blue K (ACBK), Chlorophosphonazo I (CPAI), Arsennazo I (AAI) and Chromotrope 2R (CT2R), to form a combination product. This results in a significant enhancement of the resonance Rayleigh-scattering (RRS) intensity, and the corresponding RRS spectrum appears. The characteristics of the RRS spectra of the combination products and the optimum conditions for the reactions were investigated. The intensity of RRS is directly proportional to the concentration of protein in a certain range. The RRS methods have high sensitivity for the determination of protein, the detection limits for bovine serum albumin (BSA) are 10.0 -30.2 ng/ml, and the sensitivity order is CALKS > AAI ≈ CPAI > ACBK ≈ CT2R > ACDB > CBSE. The selectivity for CALKS has been examined, and the method was applied to the determination of a µg amount of protein in a synthetic sample with satisfactory results.
(Received April 28, 2000; Accepted October 23, 2000)
Chemical Reagent Research Institute), AAI (Beijing Chemical Plant), CT2R (Shanghai Third Chemical Reagent Plant) were used; all working concentrations were 5 × 10 -4 mol l -1 . All of the reagents were of analytical reagent grade and doubly distilled water was used throughout.
Apparatus
A Hitachi F-4500 spectrofluorophotometer (Tokyo, Japan) was used.
General procedure
Place an appropriate amount of dye solution into a 10 ml dry calibrated flask. Add 1 ml citric acid-sodium citrate buffer solution (pH 3.8 for CALKS, ACBK, ACDB and CBSE; pH 3.4 for other systems) and a suitable amount of protein; then, dilute to the mark with water. Mix up and set the solution aside under 25 -40˚C for 10 min.
Record the RRS spectra with synchronous scanning at λex = λem (i.e., ∆λ=0 nm) and measure the RRS intensity I for the reaction product and I0 for the reagent blank at the maximum scattered wavelength, ∆I = I -I0. Figures 1 and 2 show the RRS spectra of seven dyes; BSA and their spectral characteristics are listed in Table 1 . It can be seen that: (1) the RRS of all the monoazo dyes is faint under the measurement conditions; (2) while with trace amounts of protein in solution, the intensity of RRS is greatly enhanced, because the protein reacts with dye to form a combination product. The CALKS system is the most sensitive among them for the determination of protein.
Results and Discussion
Spectral characteristics
Optimum conditions of the reaction
The test results show that the citric acid-sodium citrate buffer solution is the most suitable reaction medium and that the optimum pH ranges are pH 3.8 for the CALKS and ACBK systems, pH 3.2 -4.2 for the ACDB system, pH 3.4 -4.2 for the CBSE system and pH 3.4 for the CPAI, AAI, CT2R systems (Fig. 2) .
The optimum concentrations of the dyes are as follows: (1.5 -2.0) × 10 -4 mol l -1 for CALKS, (0.5 -3.0) × 10 -4 mol l -1 for ACDB, 1.5 × 10 -4 mol l -1 for CBSE and ACBK, 2.0 × 10 -4 mol l -1 for chlorophosphonazo I, 6.0 × 10 -4 mol l -1 for arsenazo I and 7.0 × 10 -4 mol l -1 for Chromotrope 2R.
We investigated the effect of the ionic strength on the RRS intensity with NaCl and MgCl2. Both results are the same: the RRS intensity decreases with an increase in the ionic strength. The reason may be because the cation (Na + , Mg 2+ ) competes with the protein and the anion (Cl -) competes with the dye. Therefore, the ionic strength in the experiment is controlled to be lower than 0.05 mol l -1 .
The appropriate reaction temperature is between 25 to 40˚C. When the temperature is too low, the reaction speed and the RRS intensity decrease. When the reaction temperature is too high, both the reaction speed and the RRS intensity increase, but ∆I is unstable. Therefore, when the temperature is too low, the 240 ANALYTICAL SCIENCES FEBRUARY 2001, VOL. 17 solutions are heated in a 27 -30˚C water bath for 10 min; if the room temperature is too high, it is necessary to decrease the temperature.
Under the optimum conditions, the formation time of all reaction products is 10 min and the RRS intensity remains constant for at least 2 h. The optimum conditions of the reaction are listed in Table 2 .
Dependence of the intensity of RRS on the protein concentration
Calibration graphs were constructed with ∆I against the concentration of BSA by using different amounts of BSA reacting with a dye under the optimum conditions, respectively. The results are listed in Table 3 . It was found that ∆I is directly proportional to the concentration of BSA in a specified range, depending on different dye systems. If the concentration of BSA exceeds the range, the straight line bends.
The detection limits (DL), which were calculated as the concentration of BSA that gives a signal three-times the background noise (n=7) were between 10.0 ng ml -1 and 30.2 ng ml -1 . The CALKS system is the most sensitive, its DL is 10.0 ng ml -1 , the next most sensitive systems are the CPAI and AAI systems. Their DLs are not only lower than that of ACBK, but also lower than some other RRS methods reported at present, such as T(5-ST)P (DL 26.4 ng ml 2 CAS (DL 20 ng ml -1 ) 4 and 4-azo-chromotropic acid phenylfluorone (DL 68 ng ml -1 ). 11 Taking the CALKS system as an example, we investigated the reaction of this dye with several proteins, as well as the RRS characteristics of the reaction product. It can be seen from the results that pepsin hardly reacts with dye, because under the experimental pH condition it is negatively charged (isoelectric point pI = 4.8), which hinders it from reacting with the dye anion. Other proteins can all react with dye to form products with similar RRS characteristics. However, the sensitivity for several proteins is different and the sensitivity order is BSA > HSA > lysozyme (see Table 4 ).
Selectivity of the method
Taking the CALKS system as an example, we investigated the effect of some amino acids, complexants, metal ions and inorganic anions on the determination of protein; the results are shown in Table 5 . A certain amount of common amino acids, metal ions and inorganic anions do not interfere with the determination. The method has fairly good selectivity and was applied to the determination of protein synthetic samples with satisfactory results. The results are given in Table 6 .
Discussion of the reaction mechanism
Seven kinds of monoazo dyes of chromotropic acid tested have the following structures (see Table 7 ). The charge state of the dyes and proteins: CT2R is a tetrabasic acid as the simplest structure; ACDB, CBSE are pentabasic acids; AAI, CPPI and ACBK are hexabasic acids; and CAKS is a heptabasic acid. Under the experiment condition (pH 3 -4), the -SO3H group was completely dissociated and some other acidic groups, such as -OH, -COOH, -AsO3H4 and -PO3H2 were not completely dissociated or only to some extent. According to their pKa, it can be seen that the main existing species of CT2R is H2R2 -, and those of AAI and CPI are H4R 2-and H3R 3-at pH 3.4. The main existing species of CBSE, ACBK and ACDB are all H4R2 -and H3R 3- , and that of CAKS is H4R 3-and H3R 4-at pH 3.8. Thus under the experimental conditions, all of the dyes exist mainly in the anion species with 2, 3 and 4 charge, except for CT2R in the form of an anion with 2 charges.
The pI values of BSA, HSA, α-chymotripsin and lysozyme are 4.6 -4.7, 4.7, 8.3 and 11.0, respectively. Therefore, under the experiment pH conditions they are all macromolecules with many positive charges at the remaining groups of amino acid on their peptide chains. The combination reaction of the dye with protein While acidic dye anion approaches the protein macromolecule with positive charge, by virtue of electrostatic forces and hydrophobic interaction, the dye anion combined with the remaining groups of the amino acid on the peptide chain to form a macromolecule compound similar to an ion-association complex. At this time, the dye molecules assemble on the protein.
The reasons for enhancement of RRS
It was shown in our experiment that the RRS produced merely by the protein solution or the dye solution is very faint. However, the RRS would be enhanced greatly when protein combines with the dye anion to form the reaction product. One reason may be a great increase in the molecular size. On the other hand, because the protein itself does not have a big conjugate system, its efficient transversal cross section for light is small and the molar absorptivity is very low. When the dye assembles on the protein to form a reaction product, not only the molecular size increase, but also the efficient cross section for light is enhanced greatly, i.e. the molar absorptivity is also greatly increased.
